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Abstract
Two-Higgs-Doublet Model of Type-X in the large tan β limit becomes leptophilic to allow a light
pseudo-scalar A and thus provides an explanation of the muon g − 2 anomaly. Introducing a singlet
scalar dark matter S in this context, one finds that two important dark matter properties, nucleonic
scattering and self-annihilation, are featured separately by individual couplings of dark matter to
the two Higgs doublets. While one of the two couplings is strongly constrained by direct detection
experiments, the other remains free to be adjusted for the relic density mainly through the process
SS → AA. This leads to the 4τ final states which can be probed by galactic gamma ray detections.
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1. Introduction
The existence of dark matter (DM) is sup-
ported by various astrophysical and cosmologi-
cal observations in different gravitational length
scales. The best candidate for dark matter is a
stable neutral particle beyond the Standard Model
(SM). The simplest working model is to extend
the SM by adding a singlet scalar [1, 2] and thus
allowing its coupling to the SM Higgs doublet
which determines the microscopic properties of
the dark matter particle. This idea of Higgs portal
has been very popular in recent years and studied
extensively by many authors [3]. However, such
a simplistic scenario is tightly constrained by the
current direct detection experiments since a single
Higgs portal coupling determines both the ther-
mal relic density and the DM-nucleon scattering
rate.
One is then tempted to study the scalar dark
matter property in popular Two-Higgs-Doublet
Models (2HDMs) [4]. Having more degrees of
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freedom, two independent Higgs portal couplings
and extra Higgs bosons, one could find a large
parameter space accommodating the current ex-
perimental limits and enriching phenomenological
consequences [5].
The purpose of this work is to realize a scalar
singlet DM through Higgs portal in the context
of a specific 2HDM which can accommodate the
observed deviation of the muon g − 2. Among
four types of Z2-symmetric 2HDMs, the type-X
model is found to be a unique option for the ex-
planation of the muon g − 2 anomaly [6] and the
relevant parameter space has been explored more
precisely [7, 8, 9, 10]. Combined with the lepton
universality conditions, one can find a large pa-
rameter space allowed at 2σ favoring tan β & 30
and mA  mH,H± ≈ 200 − 400 GeV [10]. The
model can be tested at the LHC by searching for
a light pseudo-scalar A through 4τ or 2µ 2τ final
states [11, 12, 13].
In the large tan β regime, the SM-like Higgs
boson reside mostly on the Higgs doublet with
a large VEV. Therefore its coupling to DM is
severely constrained by the direct detection ex-
periments. On the other hand, the other Higgs
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doublet with a small VEV contains mostly the ex-
tra Higgs bosons, the light pseudo-scalar A, heavy
neutral and charged bosons H and H±, and thus
its coupling to DM controls the thermal relic den-
sity preferably through the annihilation channel
SS → AA.
In Sec. 2, we describe the basic structure of
the model. In Sec. 3 and 4, we discuss the con-
sequences of DM-nucleon scattering and DM an-
nihilation which determines the relic density as
well as the indirect detection, respectively. We
conclude in Sec. 5.
2. L2HDM with a scalar singlet
Introducing two Higgs doublets Φ1,2 and one
singlet scalar S stabilized by the symmetry S →
−S, one can write down the following gauge in-
variant scalar potential:
V = m211|Φ1|2 +m222|Φ2|2 −m212(Φ†1Φ2 + Φ1Φ†2)
+
λ1
2
|Φ1|4+λ2
2
|Φ2|4+λ3|Φ1|2|Φ2|2+λ4|Φ†1Φ2|2
+
λ5
2
[
(Φ†1Φ2)
2 + (Φ1Φ
†
2)
2
]
+
1
2
m20S
2+
λS
4
S4+S2
[
κ1|Φ1|2 + κ2|Φ2|2
]
, (1)
where a softly-broken Z2 symmetry is imposed in
the 2HDM sector to forbid dangerous flavor vio-
lation. The model contains four more parameters
compared to the usual 2HDMs: one mass parame-
ter m0 and three dimensionless parameters λS and
κ1,2 for the DM self-coupling and the DM-Higgs
couplings, respectively. Extending the analysis in
[4], one can find the following simple relations for
the vacuum stability [14]:
λS > 0, λ˜1 > 0, λ˜2 > 0,
λ˜3 > −
√
λ˜1λ˜2, (2)
λ˜3 + λ4 − |λ5| > −
√
λ˜1λ˜2
where λ˜1 ≡ λ1 − κ21/2λS, λ˜2 ≡ λ2 − κ22/2λ3, and
λ˜3 ≡ λ3 − κ1κ2/2λS. As we will see, the desired
dark matter properties require |κ1,2|  1 and thus
the vacuum stability condition can be easily sat-
isfied in a large parameter space.
Minimization conditions determine the vacuum
expectation values 〈Φ01,2〉 ≡ v1,2/
√
2 around which
the Higgs doublets are expressed as
Φ1,2 =
[
η+1,2,
1√
2
(
v1,2 + ρ1,2 + iη
0
1,2
)]
. (3)
Removing the Goldstone modes, there appear five
massive fields denoted by H±, A,H and h. As-
suming negligible CP violation, H± and A are
given by
H±, A = −sβ η±,01 + cβ η±,02 , (4)
where the angle β is determined from tβ ≡ tan β =
v2/v1. The neutral CP-even Higgs bosons are di-
agonalized by the angle α:
h = −sαρ1 + cαρ2,
H = +cαρ1 + sαρ2, (5)
where h denotes the lighter (125 GeV) state.
Normalizing the Yukawa couplings of the neu-
tral bosons to a fermion f by mf/v where v =√
v21 + v
2
2 = 246 GeV, we have the following Yukawa
couplings of the Higgs bosons:
−LY =
∑
f=u,d,`
mf
v
(
yhfhf¯f + y
H
f Hf¯f − iyAf Af¯γ5f
)
+
[√
2VudH
+u¯
(mu
v
yAu PL +
md
v
yAd PR
)
d
+
√
2
ml
v
yA` H
+ν¯PR`+ h.c.
]
. (6)
Recall that the type-X 2HDM assigns the Z2 sym-
metry under which Φ1 and right-handed leptons
are odd; and the other particles are even, and thus
Φ2 couples to all the quarks and Φ1 to leptons.
As a consequence, one has the normalized Yukawa
couplings yh,H,Af given by
yAu,d y
A
` y
H
u,d y
H
` y
h
u,d y
h
`
± 1
tβ
tβ
sα
sβ
cα
cβ
cα
sβ
−sα
cβ
(7)
As the 125 GeV Higgs (h) behaves like the SM
Higgs boson, we can safely take the alignment
limit of cos(β − α) ≈ 0 and |yhf | ≈ 1 and yA,Hu,d ∝
1/tβ and y
A,H
l ∝ tβ. Notice that A and H couple
dominantly to the tau in the large tan β limit.
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Figure 1: (a) The allowed parameter space in the DM mass mS and the combination of couplings plane for SI scattering
cross section. The red solid curve is the current bound from XENON1T [19] experiment and the purple dot and blue
dashed curves are the expected bounds in LUX-ZEPLIN [20] and XENONnT [21] experiments, respectively. The region
above the mentioned curves are excluded at 90% confidence level. (b) The allowed region in κ1 − κ2 plane is illustrated
by choosing mS = 150 GeV from the left panel figure. The color code is the same as of the left panel. We take
mH = 250 GeV and tβ = 50 for these plots.
The singlet and doublet scalar couplings are
given by
V =
1
2
S2
[
2v(κhh+ κHH) + κhhh
2 + 2κhHhH
+ κHHH
2 + κAA(A
2 + 2H+H−)
]
,
where κh = −κ1sαcβ + κ2cαsβ ≈ κ1c2β + κ2s2β,
κH = +κ1cαcβ + κ2sαsβ ≈ (κ1 − κ2)cβsβ.
κhh = κ1s
2
α + κ2c
2
α ≈ κ1c2β + κ2s2β,
κhH = −(κ1 − κ2)cαsα ≈ (κ1 − κ2)cβsβ,
κHH = κ1c
2
α + κ2s
2
α ≈ κ1s2β + κ2c2β,
κAA = κ1s
2
β + κ2c
2
β, (8)
which shows interesting relations in the alignment
limit: κh ≈ κhh, κH ≈ κhH , and κHH ≈ κAA. Fur-
thermore, one finds further simplification: κh,hh ∼
κ2, κH,hH ∼ 0, and κAA,HH ∼ κ1 neglecting small
contributions suppressed by 1/tβ. This behavior
determines the major characteristic of the model.
Before starting our main discussions, let us
make a few comments on the LHC probe of the
model. As shown in Eq. (7), the extra Higgs cou-
plings to quarks are proportional to 1/tβ and thus
their single production is suppressed by 1/t2β com-
pared to the SM Higgs production. For this rea-
son a light A (and H) is still allowed by the direct
search of di-tau final state at ATLAS [15] in the
large tan β limit, which also explains the muon
g − 2 anomaly. One can also look for usual elec-
troweak productions of pp → HA,H±A, ending
up with muti-tau signals [11], or the SM Higgs
production and its exotic decay h → AA [13].
The pp → HA process is of particular interest
in the model under consideration as it could lead
to a promising signature of di-tau associated with
large missing energy. Having κH ∝ 1/tβ, how-
ever, the H → SS process (when allowed kine-
matically) is highly suppressed in the large tan β
limit and thus hardly be probed at the LHC. The
recent bounds on the multi-tau events searched
by ATLAS in the case of the chargino/neutralino
production [16] could be relevant for our model
parameter space. Applying the same cuts, e.g.,
3
6pT > 150 GeV and pτ1,τ2T > 50, 40 GeV, to our
processes, we find that no events survive for the
final states searched in Ref. [16]. This is basically
due to the following differences: (i) the H±A and
HA production cross-sections are smaller than the
chargino/neutralino production by almost one or-
der of magnitude; (ii) our processes do not gen-
erate large missing energy, and τ ’s coming from
a light A become too soft to pass the above hard
cuts as indicated in Ref. [11]. We have also checked
the recent bounds on 2`/3`+ 6pT final states with
kinematic demands: p`T ≥ 20, 30 GeV and 6pT ≥
130, 150 GeV, etc [17]. However, in the given pa-
rameter space we have the following branching
fraction B(H → AZ) ∼ 68%, B(H → ττ) ∼ 32%
and B(A → ττ) ∼ 99%. The charged Higgs
also dominantly decays to AW± (∼ 70%), which
makes all the dominant production modes, i.e.
HA, HH± and H±A, insensitive to the search of
multi-lepton plus large missing energy final states.
Thus the recent bounds on the multi-lepton plus
missing energy events motivated to probe super-
symmetric signals [17] can easily be evaded.
3. DM-nucleon scattering
The spin-independent (SI) nucleonic cross sec-
tion of the DM is given by
σN =
m2Nv
2
pi(mS +mN)2
(
κhgNNh
m2h
+
κHgNNH
m2H
)2
, (9)
where gNNh ≈ 0.0011 [18] and gNNH ≈ gNNh/tβ.
In Fig. 1(a), by considering the latest XENON1T
bound [19] (red solid) and the future sensitivity
of the two experiments LUX-ZEPLIN [20] (pur-
ple dotted) and XENONnT [21] (blue dashed),
we highlight the allowed region in the plane of
DM mass mS and the combination of couplings∣∣∣∣κh+ κHtβ m
2
h
m2H
∣∣∣∣. The shaded region above the men-
tioned direct detection experiment bounds are ex-
cluded at 90% confidence level. For further il-
lustration, in Fig. 1(b), we choose a benchmark
point mS = 150 GeV and show the allowed pa-
rameter space in κ1−κ2 plane for mH = 250 GeV
and tβ = 50. The color code is the same as in
Fig. 1(a). Note that in the limit of tβ  1 and
mH > mh, the combined coupling is dominated
simply by κ2 and thus strongly constrained as
in the SM Higgs portal scenario. One can also
see that it is not possible to make the combined
coupling small through cancellation between two
large couplings. The other coupling κ1 is rather
unconstrained and thus this freedom allows us to
reproduce the right relic density of dark matter.
4. DM annihilation
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Figure 2: The right DM relic density is obtained by the red
line through the DM annihilation channels SS → ττ,AA,
and HH/H+H−. The gray shaded region is excluded by
Fermi-LAT gamma ray detection in the 2τ [22] and 4τ
[23] final states. The plot is obtained for mA = 50 GeV,
mH,H± = 250 GeV, and tβ = 50.
In our scenario with mA < mh < mH,H± and
tβ & 30, one can read from the DM couplings (8)
that the main DM annihilation channels depend-
ing on mS can be categorized simply by SS → τ τ¯
for mS < mA; SS → AA for mS > mA, and
SS → AA,HH/H+H− for mS > mH,H± . For our
analysis, we take a representative parameter set:
mA = 50 GeV, mH,H± = 250 GeV, and tβ = 50.
First, in case of mS < mA, the DM pair anni-
hilation goes through SS → h∗/H∗ → τ τ¯ , leading
to the corresponding annihilation rate:
σvrel(SS → τ τ¯)=m
2
τ
4pi
∣∣∣∣κhPh + κHtβPH
∣∣∣∣2(1− m2τm2S
)3/2
,
(10)
where Ph,H ≡ 4m2S − m2h,H + iΓh,H mh,H . Away
from the resonance point, the thermal freeze-out
4
condition, σvrel ≈ 2× 10−9 GeV−2, is satisfied by∣∣κh + κHtβ m2h
m2H
∣∣ ≈ 1.45 . (11)
Considering the required limit of κ1  κ2 (and
thus κH ≈ κ1/tβ), Eq. (11) requires
|κ1| ≈ 5.8
( mH
250 GeV
)2
. (12)
This behavior is shown by the red curve for mS <
50 GeV in Fig 2, which is however disfavored by
the recent Fermi-LAT detection of gamma rays
from dwarf galaxies [22].
For mS > mA, the SS → AA channel is the
dominant annihilation process leading to
σvrel(SS → AA) = 1
16pim2S
√
1− m
2
A
m2S
×
(
κAA +
κhλhAA v
2(4m2S −m2h)
|Ph|2
+
κHλHAA v
2(4m2S −m2H)
|PH |2
)2
, (13)
where in the alignment limit the triple scalar cou-
plings are given by
λhAA =
(m2h − 2m2A)
(
c2β − s2β
)
v2
, (14)
λHAA =
1
v2
[
m2Hs
2
β (1 + tβ)−m212
(
1
c2β
+
1
s2β
)
+ 4m2Acβsβ
]
. (15)
The curve satisfying relic density with the men-
tioned annihilation mode can be seen from Fig. 2
for the range 50 GeV< mS < 250 GeV. As dis-
cussed in Sec. 2 that in the large tβ limit κh ' κ2,
the resonance behavior at mS = mh/2 is absent
in mS − κ1 plane. It can also be seen that due
to λHAA > λhAA, a huge enhancement of annihi-
lation cross section near the H resonance region
rendering tiny values of κ1 to obtain the observed
relic density.
For mS > mH,H± , the SS → HH,H+H−
channels are open to give additional contribution
given as
σvrel(SS → HH/H+H−) = 3
16pim2S
√
1− m
2
H
m2S
×
(
κAA +
κhλhH+H− v
2(4m2S −m2h)
|Ph|2
+
κHλHH+H− v
2(4m2S −m2H)
|PH |2
)2
, (16)
assuming mH = mH± . The triple scalar couplings
at the alignment limit are
λhH+H− =
(m2h − 2m2H)
(
c2β − s2β
)
v2
, (17)
λHH+H− =
1
v2
[
m2Hs
2
β
(
1 + tβ +
4
cβ
)
−m212
(
1
c2β
+
1
s2β
)]
. (18)
The total effect of all three annihilation chan-
nels namely SS → ττ, AA, HH/H+H− in the
analysis is depicted in Fig. 2 for the range mS >
250 GeV where the observed relic density is easily
obtainable with κ1 ' O(10−1).
Fermi-LAT gamma ray detection from dwarf
galaxies put strong bounds on the annihilation
rates for the 2τ (Fig. 1 in Ref. [22]) and 4τ (Fig. 9
in Ref. [23]) final states. Both of them are simi-
lar, disfavoring mS . 80 GeV. In Fig. 2, we show
the excluded parameter space in gray shaded re-
gion. It should be noted that the indirect bound
shown here is imposed in a conservative way as-
suming 100% branching fraction for H and H± to
τ states and still leaves the region mS ≥ 80 GeV
completely accessible. In principle, one has to
consider the decay channels H → AZ and H± →
AW± leading to one more step for the tau pro-
ductions. However, it does not put a meaningful
bound for mS > mH,H± as it slightly modifies the
gamma ray bound which can be found from Fig. 9
of Ref. [23].
5. Conclusion
In this work we consider an extension of the
SM with an additional SU(2)L Higgs doublet and
5
with a singlet scalar serving as a viable DM can-
didate. Our particular interest is in the 2HDM of
Type-X which can explain muon g−2 anomaly in
the parameter space allowing a light pseudo-scalar
A and large tan β, and thus provides interesting
testable signatures at the LHC. This scenario re-
veals a simple characteristic of the allowed param-
eter space consistent with the observed DM relic
density and various constraints from direct and
indirect detections.
The strong constraint on the SM Higgs por-
tal scenario from direct detection experiments is
evaded in a distinguishing way by extra Higgs por-
tal present in the model. The recent XENON1T
limit and the future sensitivity of XENONnT and
LUX-ZEPLIN experiments severely constrains the
quartic coupling κ2 of the DM to one of the Higgs
doublets (mostly SM-like) whereas the coupling
κ1 to other Higgs doublet is permitted up to O(1)
values.
Such freedom allows us to obtain the correct
relic density in the parameter space where muon
g− 2 anomaly can be explained. In this region of
parameter space, the relevant annihilation chan-
nels for the DM pair are ττ, AA, HH/H+H−. As
the DM annihilation leads to the 2τ or 4τ final
state, Fermi-LAT data from gamma ray detection
exclude the DM mass below about 80 GeV. We
find that the relic density can be obtained with
reasonable values of the coupling κ1 for the DM
mass opening up the annihilation channel of AA.
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